An optical testbench is described that emulates the effects of propagating monochromatic light through atmospheric turbulence. Unperturbed planar wavefronts, when imaged through an optical system, define a diffraction limited point spread function (PSF). Phase perturbations are introduced using a liquid crystal spatial light modulator (LC-SLM). The LC-SLM is programmed with a dynamic phase screen to generate a spatially variable PSF. A microcontroller is used to scroll a windowed region of the LC-SLM, generating spatio-temporal phase perturbations from one or more point sources. A novel method is proposed to measure phase modulation using wavefront tilt. The optical testbench is proposed for the study of inverse problems, such as atmospheric tomography and deconvolution from wavefront sensing.
Introduction
The generation of optical wavefronts, their pertur bation, and subsequent acquisition within a con trolled environment such as an optical laboratory, is an important requirement for the study of in verse problems. The ability to control the dynam ics of an evolving or displaced perturbation is ad vantageous in understanding the spatio-temporal
effects on both open-and closed-loop control sys tems. For example, correcting phase aberrations based on the former places significant emphasis on software algorithms, such as deconvolution from wavefront sensing (DWFS) [1] . The latter, how ever, rely on electro-mechanical controls to alter the optical path in real-time; such systems are used in the field of adaptive optics (AO) [2] .
Motivation for an open-loop optical test bench, as described in this paper, is the development of suit able algorithms for the estimation of the spatially variable PSF (SVPSF). A variety of methods have been used for its estimation, including atmospheric tomography [3] .
A brief background on optical testbenches, empha sising the use of optical turbulence generators, is given in the next section. This includes an overview of wavefront and image formulation, the theory of SLM operation, and phase screen generation.
The optical test bench developed for this study is discussed in Section 3. A method used to generate 978-1-4244-9631-0/10/$26.00 ©2010 IEEE optical wavefronts using an LCD is then discussed in Section 4 and this is followed by the results recorded for this system in Section 5. Several ap plications of this test bench are outlined in Section 6, and lastly, this paper is concluded in Section 7.
Background
Effectively planar wavefronts from exo-atmospheric objects are aberrated as they pass through the Earth's atmosphere. Such wavefront perturbations adversely effect images of astronomical science ob jects and satellites. The perturbations as they would appear when viewed using an optical instru ment such as a telescope, can be represented using Zernike polynomials [4] .
Emulating the effects of a turbulent atmosphere in a laboratory requires one or more source objects producing planar wavefronts and a perturbation field to introduce wavefront aberration. An ear lier method used to dynamically produce wavefront aberrations required the mixing of hot and cold air using a turbulence generator [5] . In this study, the adaptation of a graphical liquid crystal display to modulate both phase and amplitude of narrow band light is achieved using a liquid crystal spatial light modulator (LC-SLM).
A significant advantage using LC-SLM is that they are fully programmable and can provide an infinite series of time evolved wavefronts. Since the LC SLM operates in discrete time, a series of perturbations can be sequenced at a nominated frame rate.
Wavefronts and Image Formulation
The PSF of a source object hO is the Fourier transform of the generalised pupil function P ( . ) .
Given appropriate image coordinates and object spatial frequencies, ( x, y) and (u, v), respectively, this can be expressed as h(x,y) = I I FT {p(U , V)} r (1) where FT is the Fourier transform operator and PO is defined as
given that P(·) is the pupil function and W 0 is the wavefront aberration incident on the optical system.
By combining Equations 1 and 2 , the relationship between the PSF and wavefront can be expressed as
Since the wavefront W (u, v) in the pupil is repre sented by the PSF h(x, y) in image space, wave front aberrations can be measured using a pupil plane wavefront sensor, such as the curvature sen sor [6] . However, an alternative method for mea suring low-order phase perturbations is discussed in Section 5.
Since a dynamic system is incorporated, a discrete spatio-temporal image model was adopted to rep resent the forward problem [7] .
; t)h(p , q; k, I; t) + T)(p, q; t), k=1 l=1 (4) where t is time, (p, q ) and (k, I ) are the indices of discrete coordinates in image, defined by the spatially invariant PSF h ( · ) , and object f('), re spectively. The noise sources rl ( ' ) comprise CCD sensor read noise and photon noise.
Wavefront aberrations are represented in terms of a phase screen. As the phase screen is shifted over the exit pupil, temporal changes to the wavefront are emulated. The Taylor hypothesis [8] is used to model the characteristics of turbulence as it is moved over the extended pupil.
Theory of LC-SLM Operation
According to Remenyi et al., [9] LC-SLMs can be modelled using Jones matrices [10 , 11] . This model is employed in the following analysis.
The Jones matrix of an liquid crystal ( LC ) cell can be used to represent molecular alignment with the x-axis as
where the rotation matrix R is defined as and
.'! sin,
The birefringence of the LC cell is defined as ( voltage is increased to a critical value, saturation occurs and birefringence is ineffectual. When a polariser is used on a light source, such as a laser, the effect is expressed as [11] where (9) is linearly polarised light incident on the LCD, 'ljJ in is the angle between the x-axis and the coordinate system, P out is the analyser defined as
SIn VJ out cos 'ljJ out
(10) and VJ out is the angle between the x-axis and the analyser direction.
The absolute value of E out is the amplitude trans mittance and the phase at any point is the phase delay of the system.
Phase Perturbation with LC-SLMs
The schematic shown in Fig. 1 is used to describe phase perturbation using an LC-SLM. Monochro matic light incident on the LC-SLM is first po larised using a filter as shown. A micro controller interface is used to address individual LC pixels over a 2D array. Over a certain voltage range, the extent of amplitude and phase delay is linearly proportional to the birefringence of each LC cell. Thus, spatio-temporal modulation of polarised light, A second polarising filter, Pout, commonly referred to as an analyser, is supported for amplitude mod ulation. Lastly, a converging lens and exit pupil is used to convert the planar wavefront to a spherical reference wavefront, '!/Jref, resulting in the wavefront phase error, E, as shown in Fig. 1 .
Phase Screen Generation
Various phase screens were generated using Kol mogorov statistics [12] for testing the LC-SLM.
According to Roggemann et al., a phase screen can be generated using a computer program as a random 2D array of phase values which have the same statistics as turbulence induced atmospheric phase [12] .
Phase screens were generated over a unit circle us ing Matlab by employing the so-called mid-point or fractal-based method [13] . A parameter often used to characterise the level of atmospheric turbulence is the Fr ied coherence length, roo This parameter is used to characterise the phase screen and is given by [12] ro = 0.185
where k = 2 1T / A, L is the propagation distance through turbulence, and C; is the structure con stant; a profile of which is given by 
and where A provides a characteristic for near ground turbulence, and v is the high altitude wind velocity.
However, since Matlab uses double floating point number precision, quantisation was required to ac commodate 5-bit (32 grayscale levels) for the LC SLM. The adverse effects of quantisation, contrast ing pixilation of LCD images with high-resolution images of phase aberrations, is shown in Fig. 2 .
With the exclusion of Piston, (ZI), a set of the first 15 Zernike modes, Z 2 , Z 3 ,'" ,Z 1 6 , are given, for both LCD generated (columns 1 and 3) and com puter generated representations (columns 2 and 4) [14] .
The Optical Testbench
The testbench is shown in Fig. 3 and can be de 15 Zernike series, from Love [14] .
mission to modulate phase in the pupil. An objec tive lens is used to converge perturbed wavefronts for acquisition and classification using a curvature wavefront sensor [6] .
The system has been constructed using readily avail able components. For example, a commercial LCD is used for the LC-SLM to configure the wave front and two, high frame-rate CCD cameras1 are employed to measure the curvature of the wave front. The CCD cameras are capable of operating in excess of 200 frames-per-second (fps) , however the system is currently limited by the LCD that supports a maximum frequency of 50 Hz. A detail of the polarising filter and LC-SLM portion used for transmitting a phase screen to the pupil of an optical system is shown in Fig. 3 .
The perturbed wavefronts are defined in terms of Zernike polynomials [4] . A series of the first 19, excluding Piston (Zl ), is used (Z2' Z3,'" ,Z2 0 ), where the low-order tilt terms (Z2 and Z3) dom inate due to the power spectrum for Kolmogorov turbulence [12] .
1 Point Grey Research model number DX-BW-CSBX To emulate the displacement and evolution of tur bulent effects by wind, a temporal component was introduced to the system. For example, parame ters such as wind speed and direction, in addition to altitude and refractive index structure constant, C�, define the properties of the phase screen. The latter parameters were used to generate a phase screen of larger dimensions than the active area of the LC-SLM. The former parameters were pro grammed into a micro controller and were used to provide dynamic operation.
As distinct to random phase updates, the Tay lor hypothesis was employed to update the phase screen. A windowed portion of the phase screen was selected and displaced over the aperture. For example, a larger phase screen was defined and the resulting 2D data array was loaded into microcon troller memory. Displacement, in term of o n-rows and Tn-column pixels by a velocity parameter, v(h), was used to emulate turbulence movement by wind, with respect to the fixed aperture. Wavefronts from multiple sources, separated by BC;, where ( = {2, 5, 10} ILrads, for example, allowed the system to be extended for studies in atmospheric tomog raphy.
The LCD Module
A 5-bit greyscale, 240 x 160 pixel graphical LCD module was selected for the SLM. The LCD mod ule included a graphical LCD driver 2 , supporting an 8-bit parallel/serial interface that was driven by a RISC-based microcontroller 3 . The properties of the LCD module used to implement the SLM are described in Table 1 .
The layout of the LCD module, showing the trans parent glass screen, driver board, and micro con troller interface is shown in Fig. 4 .
One of the main requirements of this device was to update images from the PC to the LCD at a rate of at least 50 
Splitters i
Laser n lntra-focal camera Using the maximum throughput of the serial in terface, a frame rate of 52 fps can be achieved.
Thus, the current LCD configuration has the abil ity to dynamically emulate spatio-temporal effects of low-order aberrations, such as tilt.
Communications between the PC and micro con troller require the same rate as between the micro controller and LCD. The USB l.1 communications format supports a rate of 12Mbs-1 and USB 2.0 is able to operate at up to 480 Mb s-1. Therefore, either of these protocols is suitable to meet the required data rate of 9.6 Mb s-1.
Results and Discussion
Phase modulation of the HG24016001G LCD was 
Applications
Various methods, such as maximum a posteriori (MAP) have been used to estimate the spatially variant PSF over a wide field-of-view. Another technique, known as atmospheric tomography, [3] has been used effectively to achieve the same ob jective.
To mographic and MAP studies can be conducted using the optical testbench discussed in this article by employing multiple laser sources to estimate the turbulence profile of the spatially variable PSF.
Rather than alter the optical path of an imaging system in real-time, as done in adaptive optics, distorted images can be restored using a deconvo lution algorithm. Such systems use open-loop con trol, where wavefront sensors measure the distor tion and a priori knowledge is used for restoration.
Thus, real-time deconvolution from wavefront sens ing can also be achieved using low-order aberra tions using the test bench and LC-SLM described in this article.
Conclusion
In this paper we have shown that non-specialsed components can be used to build a turbulence gen erator for use in an optical test bench. An SLM has been built using a commercial LCD and micro con troller interface. Given the introduction of phase variations using an SLM, these phase components have been measured using a curvature wavefront sensor. Applications for this basic test bench in clude atmospheric tomography and image restora tion using the spatially variable PSF. By cascading multiple SLMs, the simulation of multi-conjugate systems is feasible.
Currently, the system is constrained in terms of dynamic range and speed of operation. However, the use of LCDs providing XGA and supporting 8- 
